Humeral suspension was the most popular reconstructive procedure after total scapulectomy until the early 1990s. Since 1992 the senior author has been performing scapular endoprosthetic reconstruction after total scapulectomy whenever the rhomboids, latissimus dorsi, deltoid, and trapezius were preserved. We hypothesized that scapular endoprosthetic reconstruction resulted in better functional and cosmetic results than humeral suspension. From 1979 to 2003, 32 consecutive patients had total scapulectomies. Reconstructions included humeral suspensions in 16 patients and scapular endoprostheses in 16 patients. Functional and cosmetic results were compared retrospectively between the two groups. Patients with scapular endoprostheses had better functional results and superior cosmesis as compared with patients with humeral suspension. The mean Musculoskeletal Tumor Society scores for patients with scapular endoprostheses and humeral suspensions were 78.5% and 58.5% respectively. Seven patients with scapular endoprostheses had greater than 40°abduction and 11 patients with humeral suspensions could not abduct the shoulder greater than 20°. Twelve patients with humeral suspensions and none with scapular endoprostheses wore shoulder pads or customized orthoses for cosmetic purposes. After total scapulectomy, scapular endoprosthetic reconstruction led to better functional and cosmetic results than humeral suspension and therefore we recommend performing this reconstructive procedure whenever the rhomboids, latissimus dorsi, deltoid, and trapezius are preserved.
Limb-sparing resections of malignant tumors in the scapula were long considered high-risk procedures because of the proximity to the neurovascular bundle, the extent of bone and soft tissue resection, and the substantial risk of local tumor recurrence. 10 Better understanding of the biologic behavior of musculoskeletal tumors, advances in imaging, the introduction of effective neoadjuvant chemotherapy, and refinements in surgical technique have made limb-sparing surgery possible for most patients. [17] [18] [19] Traditionally no reconstruction was performed after complete resection of the scapula. This resulted in a flail extremity, major loss of function, and traction injury to the neurovascular bundle. 2, 3, 6, 11, 15, 16 Humeral suspension was the most popular reconstructive procedure until the introduction of the scapular endoprosthesis in the early 1990s. The proximal humerus simply was stabilized with heavy nonabsorbable sutures or wires to the clavicle. 2, 7, 8, 11, 16 Although the suspended humerus was relatively stable, the active range of motion (ROM) and functional abilities were poor and cosmetic results unsatisfactory. 2, 7, 8, 16 Extensive experience with endoprosthetic reconstruction in other anatomic sites and advances in prosthetic design and metallurgy eventually led to the design and clinical application of the scapular endoprosthesis. The PubMed database revealed only three reports of patients who had total scapular resections and endoprosthetic reconstructions. 1, 3, 19 Two were general reports on resections of upper extremity tumors and reconstructive procedures, 1, 3 and only one report of three patients focused on constrained scapular endoprosthetic reconstruction. 19 Our literature search failed to uncover any study that compared humeral suspension reconstruction with scapular endoprosthetic reconstruction.
Our primary hypothesis was that scapular endoprosthetic reconstruction resulted in better functional outcomes, shoulder ROM, and cosmetic results as compared with humeral suspension reconstruction. We also hypothesized that both methods of reconstruction did not differ in shoulder stability, did not compromise the functionality of the ipsilateral elbow, wrist, and hand, and that postoperative complications following both reconstruction methods were minimal. In addition, we questioned whether patients with metastatic disease and poor survival had functionally benefited from scapular endoprosthetic reconstruction.
MATERIALS AND METHODS
We retrospectively reviewed 32 consecutive patients who had humeral suspension or scapular endoprosthetic reconstruction after total scapulectomy between 1979 and 2003. Using the Musculoskeletal Tumor Society score (MSTS) and recorded goniometric measurements, functional outcomes and shoulders abduction were statistically compared between the two reconstructive procedures. We also compared cosmetic results, dislocation rates, negative implications on the elbow, wrist, and hand, and complication rates.
According to a power analysis calculation, an estimated sample size of 12 patients in each group was required to detect a 15% difference between the results of the MSTS scores of patients who had scapular endoprosthetic reconstructions and patients who had humeral suspensions, with alpha 0.05 and beta 0.2 (ie, power 0.8).
From 1979 to 2003, we treated 32 patients with periscapular tumors who required total scapular resection. There were 17 females and 15 males who ranged in age from 10 to 58 years (median, 30 years). Diagnoses included 21 bone and 11 soft tissue tumors (Table 1) . After tumor resection the patients were treated with one of two reconstruction methods: humeral suspension from the clavicle (Group I, n ‫ס‬ 16) or reconstruction with a scapular endoprosthesis (Group II, n ‫.)61ס‬ In Group I, 11 reconstructive procedures involved suspension of an intact humerus and five involved suspension of a proximal humeral endoprosthesis. In Group II, 16 patients had scapular endoprosthetic reconstruction, including six with nonconstrained (two with first-generation and four with second-generation scapular endoprostheses) and 10 with constrained scapular endoprostheses (third-generation prostheses). Thirteen patients had intraarticular resections of the shoulder and 19 patients had extraarticular resections (Table 2) . One patient with Ewing's sarcoma of the scapula who had resection and reconstruction with a constrained scapular endoprosthesis was lost to followup. The inclusion criterion for scapular endoprosthesis reconstruction was preservation of the trapezius, deltoid, rhomboids, and latissimus dorsi; we considered those muscles essential for soft tissue coverage and important for motion and stability of the prosthesis. The first scapular endoprosthetic reconstruction was performed in our institution in 1992. All earlier resections were reconstructed with humeral suspension. Only two humeral suspensions following total scapulectomy were performed since 1992 (both were included in the study). All patients were followed for a minimum of 2 years or until death (range, 0.5-19 years; median, 7.5 years).
Preoperative staging studies were performed for all patients with primary sarcoma. Imaging studies included plain radiography, computed tomography (CT), and magnetic resonance imaging (MRI) of the shoulder girdle (except for the first few patients who were treated before the introduction of MRI). Particular attention was given to tumor extension into the glenoid and shoulder, the anatomic location and extent of cortical breakthrough, and the magnitude of soft tissue extension and its relation to the neurovascular bundle, the chest wall, the posterior neck, and the paraspinal muscles. Tumor invasion into or around the shoulder necessitated extraarticular resection (the shoulder and proximal humerus were resected en bloc with the scapula). 
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Intraarticular resection with preservation of the proximal humerus could only be performed if the tumor did not reach the glenoid or joint capsule. We routinely performed preoperative angiography to enable better understanding of how the lesion altered the vascular anatomy. This was especially important for tumors arising from the anterior surface of the scapula. We also have performed preoperative axillary venographies to determine whether the axillary vein was occluded by the tumor. Venous occlusion often signifies brachial plexus involvement, which precludes a limb-salvage procedure. When this occurred, the first operative step was exploring the neurovascular bundle for tumor involvement.
The scapular endoprosthesis (Howmedica-Osteonics, Allendale, NJ; Stryker Orthopaedics, Mahwah, NJ) has a cobaltchrome body in the shape of a scapula. It is manufactured in two sizes, adult and pediatric. Both devices are smaller than their natural equivalents to facilitate muscle coverage. Three generations of scapular prostheses have been developed, each with improved design features. The first generation had holes along the medial and lateral borders for muscle attachment. To decrease bulkiness and improve muscle coverage and integration, the second-generation prosthesis had a large, hollow, central area that allowed communication between muscle layers at the anterior and posterior aspects of the prosthesis. Whereas the secondgeneration prosthesis was nonconstrained and had a curved polyethylene liner, the third-generation prosthesis is constrained and has a polyethylene liner into which the head of the humeral prosthesis (22 mm) can be snapped. All three generations of scapular endoprostheses articulate with either a prosthetic humeral head or with a proximal humeral prosthesis. None includes artificial coracoid or acromial processes, which are functionally unimportant and potentially can cause problems with respect to adequate soft tissue coverage. There are no specific indications for each type of scapular prosthesis; we currently use the thirdgeneration prosthesis in all reconstructions because its constrained mechanism provides additional stability.
Total scapular resection consists of three steps: tumor resection, reconstructing the bone defect, and soft tissue reconstruction. During tumor resection the patient was placed in a semilateral position. The surgical incision had anterior and posterior arms. Anteriorly, the incision began at the junction of the inner and middle thirds of the clavicle and continued over the coracoid process, along the deltopectoral groove, and down the arm over the medial border of the biceps muscle. Posteriorly, the incision ran over the lateral aspect of the scapula, along the neck of the glenoid, and distally to the inferior tip of the scapula, and then curved toward the midline. Because most tumors of the scapula have a large anterior component, the anterior arm of the incision was used first for exploration of the neurovascular bundle and determination of tumor resectability. All salvageable periscapular muscles were sequentially identified and released, after which we performed a clavicular osteotomy. We performed a proximal humeral osteotomy if the patient required extraarticular resection. The tumor was removed en bloc with the scapula, rotator cuff, distal 1 ⁄3 of the clavicle, and the proximal humerus (Fig 1) . If the patient required intraarticular resection we opened the shoulder and removed the tumor, scapula, rotator cuff, and distal 1 ⁄3 of the clavicle, leaving an intact proximal humerus.
Patients in Group I had humeral suspension. After intraarticular resection of the scapula, we drilled holes into the native humeral head and the distal aspect of the remaining clavicle. We pulled the humerus toward the clavicle and suspended it 2 to 3 cm below, using 3-mm Dacron (Deknatel, Mansfield, MA) tape through the drill holes. The long head of the biceps tendon was sutured to the clavicle for additional reinforcement (Fig 2) . In patients who had an extraarticular resection, prostheses were used for reconstructing the proximal humerus to preserve the length of the arm; the prosthetic humeral head was similarly suspended from the clavicle.
Patients in Group II had scapular endoprosthetic reconstruction. The scapular prosthesis was placed in a pocket created between the serratus anterior muscle anteriorly and the rhomboids and the latissimus dorsi posteriorly. The medial border of the prosthesis was positioned within 1 to 2 cm from the spine. This prevented anterior gliding of the prosthesis toward the neurovascular bundle, facilitated muscle coverage, and we thought improved cosmesis.
The deltoid was tenodesed to the trapezius, and the latissimus dorsi was mobilized and rotated superiorly to ensure sufficient coverage of the distal 2 ⁄3 of the prosthesis (Fig 3) . The surrounding musculature then was reattached to the holes in the prosthesis with 3-mm nonabsorbable tape (Fig 4) . The rhomboids were sutured to the holes along the vertebral border, the trapezius and deltoid were sutured to the holes along the superior border, and the latissimus dorsi was sutured to the axillary border of the prosthesis. The periscapular muscles then were tenodesed to each other with Number 0 braided nonabsorbable sutures. The serratus anterior muscle, which usually was preserved, was used for coverage of the posterior chest wall. However, its resection was not a contraindication for the procedure as other muscles can 
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Pritsch et al be used for reconstruction. To gain adequate motion and stability, care was taken to preserve the innervation of the muscles that were attached to the prosthesis, most importantly the axillary and accessory nerves. This was not a problem as tumors of the scapula usually were covered by a muscle layer separating them from the neurovascular structures.
We positioned the proximal humeral prosthesis against the articular surface of the scapular endoprosthesis with the humeral head in 30°to 40°retroversion. For reinforcement, we created an artificial joint capsule from a Gore-Tex (W.L. Gore and Associates, Newark, DE) sleeve pulled over the prosthetic joint and sutured to the holes in the scapular and humeral necks (Fig 5) . The Gore-Tex artificial capsule reconstruction was performed routinely for all generations of scapular endoprostheses.
We used large bore suction catheters or a 28-gauge chest tube for drainage. We closed the flaps using a nonabsorbable suture, and tacked their undersurface to the underlying muscle.
After humeral suspension and scapular endoprosthetic reconstructions the shoulders were immobilized in a sling for 3 to 4 weeks or until wound healing. During that time, the rehabilitation emphasis was on elbow, wrist, and finger ROM with gravity assistance. Patients then started gradual passive and active shoulder ROM with an emphasis on abduction and forward flexion. In patients with scapular endoprostheses, specific attention was given to scapulothoracic and humeroscapular motion.
For the first 2 years postoperatively, patients were evaluated every 3 months by a physical examination, plain radiography, and chest CT (Figs 2, 6 ). Patients were evaluated semiannually for an additional 3 years and annually thereafter.
Two orthopaedic oncologists who were not involved in the surgery or routine followup of the patients (TP, JB) analyzed the patients'clinical records and imaging studies to determine the histopathologic diagnoses, techniques of endoprosthetic and soft tissue reconstruction, complications, and revision rates. The senior author (MMM) measured shoulder ROM using a goniometer at the routine followups. Functional outcome was assessed according to the MSTS Upper Extremity Function Evaluation System score. 5 Cosmetic results were assessed subjectively by the senior author, specifically looking at symmetry, the contour of the neckline, and residual deformities. In addition, cosmesis was evaluated objectively according to whether patients wore shoulder pads or customized orthoses to create a normal-looking neckline and to conceal a residual defect. Results are based on each patient's most recent followup.
The Mann-Whitney nonparametric statistical test was used to compare the MSTS functional scores and abduction ROM between Groups I and II. A p value < 0.05 was considered significant
RESULTS
Group II had better MSTS scores (p ‫ס‬ 0.001) and shoulder abduction ROM (p ‫ס‬ 0.001) as compared with Group I (Table 3 ). The mean MSTS score of Group I was 58.5% (range, 40-77%). Only two patients (13%) in Group I had MSTS scores higher that 75% (Table 3) ; both underwent intraarticular resections. Eleven patients in Group I (69%) could not actively abduct their shoulders greater than 20º, and none of the patients had greater than 40º shoulder abduction ( Table 3 ). The mean MSTS score of Group II was 79% (range, 40-87%). Seven patients in Group II (47%) were able to abduct their shoulders greater than 40º, and only two patients (13%) had less than 20º active abduction. Unlike Group I, the degree of forward flexion was well-documented for these patients. Seven patients (47%) were able to forward flex their arm greater than 40º, six patients (40%) had forward flexion of 30º to 40º, and one patient had only 10º forward flexion. Only two patients from Group II had intraarticular resections; both had MSTS scores higher than 75% and were able to abduct and forward flex their surgically treated shoulders as much as 90º. Group II had better cosmetic results as compared with Group I in terms of symmetry, neckline contour, and residual deformity. Ten of the patients in Group I wore shoulder pads and two patients wore customized orthoses to conceal the large residual concavity and to create a normal-looking neckline. Conversely, none of the patients in Group II wore a shoulder pad or a customized orthosis. They did not have the deep, large concavity at the posterior aspect of the surgically treated shoulder and the neckline contour was much better preserved.
Scapular endoprosthetic reconstruction and humeral suspension resulted in good shoulder stability and did not compromise elbow function and hand dexterity. Only one patient with a nonconstrained scapular endoprosthesis had an anterior dislocation of the proximal humeral component which was discovered 7 months postoperatively. The dislocation which was evident radiographically was irreducible; however the patient had no neurovascular compromise and could actively abduct his arm up to 40º. This was most likely because of the stabilizing effect of the GoreTex sleeve and the surrounding scar tissue. Elbow function and hand dexterity were normal in 30 patients. Only one patient in Group II whose musculocutaneous nerve was unsalvageable during tumor resection sustained persistent elbow function weakness.
The postoperative complication rate was minimal for both groups. Two patients in Group II who were treated with radiation preoperatively had wound dehiscence. Both patients healed without needing prosthesis removal. One had a simple wound débridement, and the other eventually was treated with a free musculocutaneous flap. None of the patients who had humeral suspension or scapular endoprosthetic reconstruction sustained deep infection.
Most patients with metastatic disease and relatively short postoperative followup because of poor survival ben- 
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Pritsch et al efited functionally from scapular endoprosthetic reconstruction. Two of the four patients treated with scapular endoprostheses and followed for only 6 to 12 months because of death as a result of progressive metastatic disease achieved MSTS scores higher than 75%, with 45°abduc-tion and forward flexion. One patient had an MSTS score of 67% with 30°abduction and 40°forward flexion, and one patient with metastatic laryngeal carcinoma had an MSTS score of 40% and extremely limited ROM. That patient, who was treated with heavy-dose radiation preoperatively, had first presented with severe stiffness of the periscapular muscles.
DISCUSSION
Humeral suspension from the clavicle was our preferred method of reconstruction after total scapulectomy until the introduction of the scapular endoprosthesis during the early 1990s. Although humeral suspension provided a relatively stable shoulder with normal elbow function and hand dexterity, shoulder abduction and cosmesis were impaired, functional results were less than satisfactory, and some patients complained of persistent pain attributable to traction of the brachial plexus. 2, 7, 8, 16 Development of the scapular endoprosthesis resulted from the need to find better reconstructive solutions. Our results support our primary hypothesis that scapular endoprosthetic reconstruction was functionally and cosmetically superior to humeral suspension after total scapulectomy. This study has several limitations. The small number of patients limits the power of this work; however, it is the largest reported series in the English literature on patients who had scapular endoprosthetic reconstruction or humeral suspension reconstruction, and is the first to compare these two reconstructive methods. Another possible limitation is the relatively short followup of four patients who had scapular endoprosthetic reconstruction and died 6 to 12 months later from metastatic disease. We intentionally did not exclude patients who were expected to have a less favorable outcome to examine the palliative effect of scapular endoprosthetic reconstruction. An additional drawback might be selection bias. Only patients with a relatively preserved periscapular musculature had endoprosthetic reconstructions, whereas patients with minimal periscapular musculature had humeral suspensions. However, most patients who had humeral suspensions were treated before scapular endoprostheses became available, thus their reconstruction method was not dictated by the extent of tumor involvement. Finally, The MSTS score, which was used to determine patients' functional outcomes, evaluates function after limb-salvage procedures of the upper extremity and is not specific for the shoulder girdle. 5 Nevertheless, because the humeral suspension and scapular endoprosthesis patient groups had good elbow, wrist, and hand function, their MSTS scores more specifically reflected the results of their reconstructive surgery.
The mean MSTS score of patients who had humeral suspensions was 58.5%. None of the patients was able to abduct his or her shoulder greater than 40º and the maximal abduction of 69% of patients was less than 20º. These results are in agreement with results of other reports on humeral suspension after total scapulectomy. Nakamura et al 14 reported 10 patients who had total scapulectomies and humeral suspensions; all had inadequate shoulder function, and the average MSTS score was 64.6%. Papaioannou and Francis 16 reported nine patients who had total scapulectomies and humeral suspensions. Eight of these patients had very limited abduction and forward flexion. The lack of support to the humeral head and the decrease in humeral offset secondary to its medialization are probably the major biomechanical drawbacks of humeral suspension reconstruction that led to the poor ROM and functional results.
The biomechanical role of the scapula is to form a stable mobile link between the chest wall and arm. Attempting to recreate a more normal anatomy than humeral suspension, the scapular endoprosthesis forms a stable connection between the arm and the chest wall, lateralizes the reconstructed shoulder and preserves its offset, prevents traction on the brachial plexus, and fills the defect that remained after resection of the scapula. Patients who had scapular endoprosthetic reconstructions had superior cosmesis and better ROM and functional results compared with patients who had humeral suspension reconstructions; their mean MSTS score was 79%, the MSTS scores of 67% of patients were 75% or higher, and 47% of patients were able to abduct their shoulders greater than 40º. Unlike patients who had humeral suspension reconstructions, patients who had scapular endoprosthetic reconstructions had a nearly normal-looking neckline and shoulder contour, and did not need to conceal a large posterior concavity. Asavamongkolkul et al 1 reported on 14 patients with nonconstrained scapular endoprostheses with an average MSTS score of 74%. In that series, there was one shoulder dislocation, one local recurrence, and one deep infection. Although the average score in their series is consistent with the average MSTS score of the scapular endoprosthesis group in our series, these authors did not mention the shoulder ROM nor did they detail the distribution of the results.
In the scapular endoprosthesis and humeral suspension patient groups function after intraarticular resection was superior to that after extraarticular resection. The only two patients in the humeral suspension group who had MSTS scores greater than 75% had intraarticular resections and the two patients who had intraarticular resections in the scapular endoprosthesis group had better ROM than the rest of the patients in their group. Because more muscle tissue usually is preserved in intraarticular resections as compared with extraarticular scapular resections, and muscular insertions to the proximal humerus are not compromised, we were not surprised by this finding.
The early generations of scapular prostheses were nonconstrained and required use of a Gore-Tex aortic graft as an artificial joint capsule to recreate shoulder stability. This eventually contributed to a pseudocapsule as fibrotic scar tissue formed around the prosthetic joint. The locking mechanism of the constrained scapular prosthesis was developed to function as a mechanical shoulder. It also was designed to partially substitute for the resected rotator cuff during active shoulder motion by countering the superiorly directed force on the humeral head resulting from deltoid contraction. 17 In our series, only one patient with endoprosthetic reconstruction experienced dislocation of his prosthetic shoulder. This patient had a nonconstrained prosthesis; however symptoms and functional deficits were not substantial. This probably was because of the stabilizing effect of the surrounding Gore-Tex sleeve and scar tissue.
Constrained total joint arthroplasties in other locations such as the hip and knee have been associated with high incidences of aseptic loosening and failure because of the increased load transmitted to the bone-prosthesis interface. 9, 12 Constrained scapular endoprostheses are not comparable to other prostheses as the scapula is mobile on the chest wall. As opposed to artificial hips and knees, which mostly withstand compression forces, the artificial shoulder is under continuous distraction. This theoretically may lead to gradual deformity of the polyethylene liner and to subsequent subluxation. We routinely reconstructed the capsule with Gore-Tex aortic grafts should the polyethylene liner fail. In addition, the graft facilitated muscle attachment to the proximal humerus.
Other reported methods of reconstruction after total scapular resection are functional spacer replacement and scapular allograft. O'Connor et al 15 reported on five patients who underwent Tikhoff-Linberg resections and functional spacer reconstructions. Their average MSTS score was 49%. Damron et al 4 reported on the functional outcomes of 14 patients treated with Tikhoff-Linberg resections and functional spacer reconstructions. Active shoulder ROM was reported as a percentage of the uninvolved side as follows: abduction, 5% to 15%, and forward flexion, 0% to 5%. Mnaymneh et al 13 proposed an alternative reconstruction procedure for scapular resections using scapular allograft. The mean MSTS score of their patients was 82%; however, it is impossible to comment on their results because of the limited number of patients (six) and the variability of their patient group (not all patients had a total scapulectomy).
We found scapular endoprosthetic reconstruction to be a safe and reliable procedure offering better overall functional and cosmetic results than humeral suspension reconstruction. We recommend performing scapular endoprosthetic reconstruction after total scapular resection whenever the rhomboids, latissimus dorsi, deltoid, and trapezius are preserved. Additional studies are warranted because of the paucity of information regarding the clinical results of scapular endoprosthetic reconstruction.
